Process operating conditions of modern internal combustion engines can exceed the thermodynamic critical point of an injected liquid fuel. This raises the question of whether the fuel, or at least some of its components, transition to a supercritical state, even in the presence of an ambient gas. Further investigation is required for a better understanding of heat and mass transfer during the process of fuel injection in diesel engines. This article investigates the phase behavior of fuels and their components under supercritical conditions or when injected into such. After a brief review of the current state of research on the topic, we present our study of the phase behavior of three single-component liquids (n-heptane, n-dodecane, n-hexadecane) and their binary mixtures under supercritical conditions in a nitrogen environment using equations of state. In first experiments, these liquids along with a diesel fuel were successfully transitioned to supercritical states by applying engine-relevant but steady state conditions inside a high-pressure, high-temperature constant volume chamber. No influence of the ambient nitrogen on the phase behavior of the examined fluids was found. For further investigation, multicomponent fuels were injected into the chamber in a transient injection process and at typical engine-relevant time scales using a production-type diesel injector. The fuel sprays were examined with Mie scattering, laser-induced fluorescence, and shadowgraphic imaging. The information obtained confirms the presence of a supercritical state and a transcritical phase change. Areas of high density with pronounced fluctuations were visible. The theoretical review in combination with the results obtained from the experiments indicate that fuel injected under the high-pressure and high-temperature conditions, that are present in modern diesel engines at higher loads, does not evaporate but rather shows transition to a supercritical state with a disappearing phase border, but without boiling or changing density.
Introduction
Recent developments in diesel engines toward higher compression pressures lead to an increase in pressure and temperature near top dead center on fuel injection. Liquid fuel is injected into a gaseous N 2 /O 2 environment exceeding the thermodynamic critical temperature T c and pressure p c of most common diesel fuel components. This leads to the assumption that the critical point of a multicomponent fuel would also be exceeded.
Fuel injection is traditionally understood as comprising atomization processes, subdivided into primary and secondary breakup and vaporization of the injected liquid. 1 The following work shows that this model does not, however, apply in the case of fuel injection into modern diesel engine at a higher load.
A fluid exceeding its critical temperature and pressure, known as a supercritical fluid, has the characteristics both of a liquid and a gas. The densities of the liquid and gaseous phases become equal at the critical point. Despite the high density, the intermolecular 1 forces are smaller than the kinetic forces, leading to a high diffusion coefficient, fast heat and mass transport, and a considerable decrease in surface tensions. As a result, phase boundaries do not exist; a supercritical fluid has only one phase (see Figure 1 ), for substances as well as for multicomponent mixtures. 2, 3 The supercritical regime is defined by the fluid's critical isotherm and isobar (dashed lines).
There is broad usage of the special properties of supercritical fluids in chemical engineering. 4 For reactions, for example, supercritical fluids have the following advantages: The energy required to break the bonds between single molecules is low due to the small intermolecular forces. The high kinetic forces lead to the formation of clusters of different density 5 near and above the critical point. Thus, mixing processes as well as heat and mass transfer are highly accelerated. A generally high density enables a high degree of interaction between different species. 6 Regarding evaporation and combustion, important properties of supercritical fluids are the absence of enthalpy of vaporization and the low surface tensions. Therefore, the formation of phase boundaries and droplets is severely limited. Fuel injected into high-pressure/high-temperature conditions transitions from a compressed liquid to a supercritical fluid. As shown in Figure 1 , it is not necessary to pass the two-phase region (saturated liquid and saturated vapor lines), and there is subsequently no requirement for additional energy for phase transition. An overview of research up until 1999 on the phase behavior of one and two component droplets and jets under elevated condition is given by Bellan. 7 There is also considerable research on the role of supercritical fluids in combustion engine processes for liquid propellant rocket engines. 8 
Overview of recent research
In the context of a cooperation between the Air Force Research Laboratory (AFRL) and the German Aerospace Center (DLR), an experimental study on liquid nitrogen (lN 2 ) injected into gaseous nitrogen (gN 2 ) at supercritical conditions was conducted by Chehroudi et al. 9 In the study, liquid N 2 (lN 2 ) is injected into an atmosphere of gaseous N 2 (gN 2 ) at different reduced pressures. The initial temperature of the lN 2 is beneath its critical temperature, whereas the chamber temperature strongly exceeds its critical value. At a reduced pressure of 0.91, the structures of ligaments and droplets are visible. Spray clearly stands out from the environment. With increasing pressure, these structures start vanishing. A formation of Schlieren structures-zones with high-density fluctuations resulting in high diffraction of the background illumination-can be observed at the outer parts of the spray cone. At a reduced pressure of 2.71, the injected liquid becomes indistinct in the surrounding atmosphere; a phase boundary in between different phases is no longer clearly defined.
These observations apply not only to liquid nitrogen; similar behavior is demonstrated for the injection of other liquid gases, such as oxygen, into gaseous environments in supercritical conditions. It is not certain that the results could be applied in an internal combustion engine (ICE), especially in high compression ratio diesel engines. The fuel injected in a diesel process consists of various hydrocarbons with a much higher molecular weight than the gases investigated here. In addition to the substantial difference in the molecular weights, there is also a substantial difference in the chemical structures between the injected fuels and the environmental gases. These factors influence the critical behavior of the injected fuel.
Recent research focusing on droplets under supercritical conditions has been conducted as part of the Collaborative Research Centre (SFB-TRR 75) funded by the German Research Foundation. 10 Within this framework, a droplet generator has been developed by Weckenmann and colleagues, 11, 12 with the aim of studying droplets of the organic liquid acetone in a supercritical, pure nitrogen environment. An acetone droplet in a nitrogen environment at different conditions has been observed from subcritical to supercritical temperatures and pressures for fluids. With shadowgraphic imaging, it was found that a clear phase boundary is visible around the whole droplet in subcritical conditions. As condition parameters increase, the phase boundary vanishes steadily and structures with finite width density gradients start to appear on the droplet's upper side. Although these structures are similar to those observed by Chehroudi et al., 9 there is still a visible droplet with a clearly defined phase boundary at its lower side, indicating the presence of liquid acetone. This behavior can be understood since the liquid acetone is injected at a subcritical temperature; the comparative droplet takes time to warm up. At a time where the phase boundary has already started to vanish in places, liquid fuel is still present in other locations.
A series of experiments on the injection of an organic liquid (n-dodecane) into a supercritical environment was conducted by Dahms et al. 13 Images of injected n-dodecane were taken by a high-speed camera equipped with a long-distance microscope. In subcritical conditions, the formation of ligaments and droplets can be observed. At ambient conditions exceeding the critical point of n-dodecane, structures with sharp phase boundaries are no longer visible, indicating that the fluid transfers to a supercritical state after injection rather than vaporizing from liquid to gas. The injection experiments were coupled with mixture fraction predictions obtained from large eddy simulations. 14, 15 Recent studies also look at droplets injected into a supercritical environment. 16, 17 Research more closely related to automotive fuels (gasoline and diesel) and ICE conditions is presented by Anitescu et al. 18 The authors demonstrated a transition to a supercritical state for a diesel/gasoline mixture (''dieseline'') and also showed a change in fuel sprays (a widening of cone angles) when ambient conditions are increased to supercritical conditions. Until now, most work has used single-component liquids. The following study focuses on practical experiments starting with single-component fluids and proceeding to binary mixtures and diesel fuel used in current engine-relevant conditions. The experimental part is subdivided into two sections: The first section verifies whether a multicomponent diesel fuel can transfer to supercritical state in high-pressure/high-temperature conditions. In the second section, the phase behavior of diesel fuels injected into a supercritical environment is observed using optical measurement techniques in conditions and at time scales typical of diesel engine applications.
Theoretical estimation of vapor-liquid equilibrium
In preparation for the experiments, the actual conditions of an internal combustion process were initially simplified by considering a single-liquid/single-gas system. Three organic liquids covering the boiling range of common fuels were selected: n-heptane, n-dodecane, and n-hexadecane. For better intra-comparability, all selected liquids are n-alkanes, with ascending chain length. A pure Nitrogen atmosphere was used to suppress combustion. To initially assess fluid phase behavior and to specify the conditions for the following experiments, the critical points of the single fluids as well as those of mixtures were calculated.
Due to the absence of reliable vapor-liquid equilibrium (VLE) data, the critical properties of the binary mixture were estimated using three equations of state (EOS): two cubic (Peng-Robinson, 19 Soave-RedlichKwong ). These equations are well established for estimating physical properties and are suitable for the given conditions such as high pressures, organic liquids, and the presence of diatomic gases. 2, 22 After comparing the data resulting from all three equations, the Soave-Redlich-Kwong equation was chosen to evaluate the VLE data for mixtures of two alkanes and the Lee-Kesler-Plo¨cker equation for mixtures containing nitrogen.
Of particular interest is the influence of air on the phase behavior of the fuel during injection. Therefore, the simplified mixtures containing an n-alkane and nitrogen were evaluated using the Lee-Kesler-Plo¨cker EOS. Figure 2 shows the estimated critical points of mixtures for the three binary systems containing nitrogen. The calculated points are in good accordance with the typical behavior of a mixture on the van Konynenburg type III curve. 24 As the critical temperature decreases with higher concentration of nitrogen, the critical pressure increases strongly to a multiple of the pure hydrocarbon critical pressures and values, that is, higher than the pressures reached in ICEs. These data are only valid for homogeneous mixtures and mole fractions of x N2 = 0.62-0.86.
A better approach for multicomponent fuels can be seen in the following series of graphs depicting the VLE of binary hydrocarbon mixtures. Figure 3 shows typical graphs for a van Konynenburg type I binary mixture. 24 The critical points of mixtures form a curve connecting the critical points of the pure substances. The critical mixing temperatures are in between the single-component critical temperatures; the pressure rises to a maximum and descends again. The mixing of substances with similar chemical structures does not change the critical properties dramatically (compare Figure 2 ). All critical mixing temperatures and pressures are within conditions typically reached during a compression-ignition (CI) combustion process.
Experimental section
The experiments were conducted in two stages. First, the influence of a diatomic, gaseous atmosphere on the critical properties of an organic liquid was estimated for an ideal, homogeneous mixture. The objectives here were to verify this influence in engine-relevant conditions and to visualize a transition to a supercritical state for three single-component liquids. Therefore, the substances were positioned in an initially subcritical environment to which supercritical conditions were later applied. The observation obtained during the transition is valid both for binary mixtures and diesel fuels when estimating critical properties. Second, multicomponent fuels were injected directly into supercritical conditions. Different optical measurement methods, Figure 3 . VLE of binary mixtures, including CP and VPL for the pure substances and critical points of mixtures (n-heptane/ n-dodecane, x n-heptane = 0.95-0.3; n-heptane/n-hexadecane, x n-heptane = 0.9-0.1; n-dodecane/n-hexadecane, x n-dodecane = 0.99-0.90). such as Mie scattering, laser-induced fluorescence (LIF), and shadowgraphic imaging, were used to visualize the phase behavior of the injected fluids. Although the environmental gas in ICE processes is air, pure nitrogen was used instead to suppress ignition.
Experimental setup
All experimental work was conducted in the optically accessible high-pressure/high-temperature injection chamber ''OptiVeP'' (see Figure 4 ) at the FAU Institute of Engineering Thermodynamics. A detailed description of the test rig itself can be found in previous articles. 25, 26 Transition to supercritical state
In the first experiments, the transition to supercritical state of small volumes of single-component liquids, their binary mixtures, and a multicomponent mixture, a multicomponent diesel fuel was investigated. Therefore, defined volumes of those fluids were poured into a volumetric flask, which was positioned on a platform inside the vessel. The opening of the flask was left open, hence temperature and pressure inside the chamber equal those inside the flask in stationary conditions; heat and mass transfer is possible. To record the fluid during the experiment, a video camera was installed in front of a window of the chamber and a grid was placed behind the flask on the opposite side of the chamber. Figure 5 shows the setup used in the first series of experiments. A 25-mL volumetric flask filled with the substance under investigation was positioned on the insulation platform. T 1 and T 2 refer to two thermocouples additionally installed at the upper and lower ends of the flask neck to enable temperature measurement in the immediate vicinity. The resulting temperatures comprise the averaged data from both thermocouples. The red arrow indicates the phase boundary between liquid and surrounding gas, which was located below the flask calibration mark (blue arrow). Attention must be paid in the following images not to mistake this mark for the phase boundary. The mesh pattern was installed to obtain optical information on fluctuations of the refraction index resulting from changes in density. The experimental cycle to obtain one measurement point involves the following steps:
Application of a constant pressure corresponding to the critical pressure of the liquid inside the chamber; Heating of the chamber up to an initial temperature T 1 \ T c ; Start of the recording process; Increasing the chamber temperature to a maximum temperature T 2 . T c ; Reducing the chamber temperature back to the initial temperature T 1 \ T c ; Halting the recording process.
This experimental cycle was performed for the single-component fuels, their binary mixtures, and for the multicomponent diesel fuel.
Single components. The first set of measurements comprises the observation of the three single-component liquids n-heptane, n-dodecane, and n-hexadecane at different constant chamber pressures. The critical data of these substances can be found in conventional sets of tables and can be read from Table 1 . This allows the definition and adjustment of temperature and pressure conditions with reference to the liquids tested. In addition, the influence of the surrounding nitrogen atmosphere can be investigated easily. Table 2 shows the values (p 1 -p 5 ) for the reduced pressures p r applied during the measurements as well as the initial and maximum temperatures (T 1 , T 2 ) absolutely and as reduced values. A typically observed transition to a supercritical state is, for instance, represented by n-dodecane in the following series of images in Figure 6 taken from the video recording. The pressure inside the chamber stays constant at 2.73 MPa, a reduced pressure of 1.5. The temperatures range from approximately 592 to 790 K for the reduced temperatures of T 1 = 0.9 and T 2 = 1.2.
As chamber temperature increases, the phase boundary rises, separating the liquid from the gaseous N 2 atmosphere (upper row images). In the image on the upper left side, the phase boundary is fully developed and located below the calibration mark. As the boundary rises, it starts to dissolve from the flask neck (second image from the left), exceeds the calibration mark, and finally vanishes completely (upper right image). An area of high-density fluctuations becomes visible instead. Further increase in temperature leads to a complete distribution of the fluid inside the flask. Part of the fluid exits the open end of the vessel (bottom-left image). When the temperature decreases, the entire process is reversed: the phase boundary becomes visible again and slowly descends inside the flask neck (bottom row of images). Although the duration of the experiment recorded was relatively long at 30 min, not much fuel left the flask, indicating that the fuel density did not change significantly. Even though environmental nitrogen is present in excess, a transition to a supercritical state was obtained easily for all reduced pressures down to p r = 1.2. Figure 7 presents the experimental critical temperatures for different pressures plotted as mean values. The phase boundary starts to dissipate (heating phase) and the first sign of a phase boundary appears (cooling phase). The error bar represents the minimum and the maximum temperature values for this particular experiment. The higher value is found at the transition from liquid to supercritical phase; the lower value from the reverse process. The differences are caused by the delayed heat transfer from the ambient gas via the flask into the liquid. All critical transition temperatures are higher than the single-component critical temperatures. This is mainly due to the delayed heat transfer from the chamber temperature into the fluid inside the flask. A direct measurement of the fluid temperature inside the flask was not taken to avoid disturbing the phase transition behavior by a thermocouple in the flask penetrating the phase boundary. Heat transfer is mainly dependent on the ambient conditions. At a higher gas temperature, the delay in the transcritical process is increased. At a higher gas pressure, the delay in heat transfer is shortened. The temperature delta between critical temperature and measured gas temperature at the critical transition also increases for the substances with a higher critical temperature, such as n-hexadecane. For n-hexadecane, at the reduced pressure of 1.2, the temperature delta is ;80 K. For n-heptane, the temperature difference is ;30 K. The increase in the critical mixture pressure for a homogeneous mixture containing an n-alkane and nitrogen is shown in Figure 2 . Since a supercritical state can be achieved for all reduced pressures from 1.2 on, the influence of nitrogen can be disregarded. For n-heptane, the lowest calculated mole fraction of 0.62 N 2 predicts a critical pressure of 30 MPa, which is approximately 10 times the critical pressure of pure n-heptane.
The transition from liquid to a supercritical state is visualized by the disappearance of the phase boundary. No other phase-changing process would result in this phenomenon. As previously mentioned, the surface tension of a supercritical fluid is very low. Thus, a phase boundary cannot exist between a supercritical fluid and the surrounding environment. In addition, two main differences can be seen when comparing evaporation monitored between subcritical measurement point p 5 and supercritical measurement point p 4 . Before the liquid evaporates, developing bubbles could clearly be seen indicating boiling. In contrast to the transition to the critical state, where the liquid volume first expands, a strong reduction in the liquid volume can be observed at subcritical conditions, while the phase boundary remains throughout the experiment. Compared to this loss of substance, which occurs during evaporation, the decrease in substance after transitions to a supercritical state and back in this experiment is minor due to the constant density of the supercritical fluid compared to a phase change from liquid phase to gas phase. It can be confusing that in this case, less mass transport is found for the transcritical phase change. This is because of the special geometry used in the experiment. In case of the transcritical phase change, the cross section for the mass transfer is limited by the flask. In case of the subcritical phase change, a strong volume expansion forces the evaporating fluid to leave the flask.
Multicomponents. The following section presents experiments with three binary mixtures each consisting of two of the three pure substances, with an initial composition of 50% m/m of each component (Table 3) . Since fluid composition in the course of the experimental cycle was not determined, it is unknown whether this composition changed due to the effects of separation, for example. The measurement points were selected according to the critical data of the pure substances. Figure 8 plots the results of the n-heptane/ n-hexadecane mixture in comparison to the results taken from the single components as well as to the estimated VLE data. The experimentally obtained critical mixing temperatures are positioned between the single-component critical temperatures. This is in good agreement with the critical mixture temperatures estimated using the EOS. All critical mixing temperatures and pressures found in experiments with one and two component liquids inside a nitrogen atmosphere are within the conditions achievable in realistic ICE processes.
After a successful experimental series for binary mixtures, the final step was the investigation of a multicomponent diesel fuel. Here, a gas-to-liquid (GtL) diesel was chosen. This fuel is produced by Fischer-Tropsch synthesis and, therefore, consists mainly of n-alkanes from the middle distillates group and is free from sulfur, aromatics, and additives. In contrast to common diesel fuels, it is transparent and colorless, which facilitates investigations by means of optical measurements. Although the GtL diesel differs from standard diesel fuel, it is compliant with EN 590 27 except in density. Critical mixing data for the fuel investigated are unknown but should be within the limits of the ''OptiVep'' test stand according to previous experiments. Therefore, the chamber pressure was set to a high value, p = 8.0 MPa, and the temperature region ranged from approximately 643 to 873 K. The following row of images in Figure 9 illustrates the fuel phase behavior during the experiment.
Similar to the preceding experiments, the liquid volume starts to expand as the temperature rises. The phase boundary, clearly visible in the far-left image, diminishes from the outer to the inner diameter at temperatures around 750 K. This process is constant as temperatures climb and finishes at about 850 K. In contrast to both prior experimental series, the transition to a supercritical state covers a much broader temperature range. This is due to the larger diameter of the phase boundary, which leads to delayed heat transfer into the liquid. Due to the high temperature in conjunction with long molecule chains and a small fraction of remaining oxygen in the ambient gas, a cracking process takes place after the fluid has reached its critical state. Therefore, the composition of the mixture is changed as it returns to its liquid state. This observation is in accordance with the results of the investigation by Lin and Tavlarides. 28 Thus, data collected during the cooling period could not be taken into account for the estimation of the critical temperature of the fluid.
The diagram in Figure 10 shows the critical points of n-alkanes from n-undecane to n-octadecane found in a typical GtL diesel fuel. Thermophysical properties of higher alkanes can differ in the literature and have therefore not been included in this diagram, although molecules with up to 22 carbon atoms can be found in diesel fuel. Gas pressure was set at 8 MPa, which is a typical value found in diesel engine cycles. Elevated critical pressures are also expected for mixtures of alkanes (see Figure 8 ). The temperature range at which the fuel transitions to a supercritical state is plotted, as well. This range is much higher than for the singlecomponent critical temperatures, which is mainly due to the heat transfer through the flask into the liquid.
Injection into a supercritical environment
The first part of the experiment showed that an actual diesel fuel can transfer to critical state in enginerelevant conditions. However, the influence of a surrounding gaseous atmosphere such as nitrogen is negligible if it is present in excess. Considering these results from the second part of the experiment, the fuel is directly injected into supercritical conditions. This injection process is highly transient, and therefore, the models used to calculate the critical conditions and the experiments in steady state can only give hints where the phase change behavior may change from evaporation to transcritical phase change. Furthermore, the contact of the fuel atomized to small drops (d 10 \ 10 mm) and injected with high velocity to the surrounding gas is far more intense, and consequently, an effect of the ambient gas on the phase change behavior may take place. Therefore, the focus is on obtaining information on the phase change behavior as the fuel is injected in the form of a diesel spray typical of automotive applications. The question is whether a phase boundary still exists between the droplets and the nitrogen environment. The most important parameter in this experiment is the pressure: if a subcritical pressure is applied, we expect an evaporation process from liquid to gas with lower density in the gas phase; if a supercritical pressure is applied, we expect a disappearing phase border and no density change when temperature is raised. Therefore, in all experiments, the pressure was kept constant while the temperature was changed to cause a phase change. In the injection experiment, the temperature change takes place by injecting a fuel with relatively low temperature into a hot gas. The heat transfer from the ambient gas heats the fuel rapidly to a high temperature so that liquid fuel is no longer visible.
The outer structures of the spray are also of interest. The spray cones are analyzed using optical measurement techniques: shadowgraphic imaging, LIF, and Mie scattering. Mie scattering as a surface scattering process is taken to identify the presence of surface boundaries and is expected to show clearly where liquid fuel is present. The situation for the LIF technique is not so clear since we to the best of our knowledge do not know an investigation about fluorescence intensity changes (maybe due to different quenching) in supercritical conditions. However, the LIF signal is based on the number of excited molecules and works in liquid and gas phases, and one can assume to get higher signal intensities from denser spray regions in supercritical conditions, too. Also for the shadowgraphic imaging, the situation is not simple since shadows are not only caused by surface scattering (inversed Mie imaging) but also by absorption of light and refraction of light due to gradients in the refractive index. Overall, the aim therefore is not to more or less quantify at what condition a transcritical phase change takes place but to qualitatively show whether fuel injected under the high conditions present in modern diesel engines at high load evaporates with a density change or loses its phase border without density change. Therefore, different measurement techniques have been used.
Comparison of shadowgraphic imaging/Mie measurements of fuel sprays. The same GtL diesel fuel as used in the first experiments was injected into the chamber at two different environmental conditions using a typical common rail diesel injector. For both conditions, one spray cone was measured using shadowgraphic imaging and Mie scattering, and the resulting images are compared with each other. As Mie scattering is selective of the liquid phase of the components, the shadowgraphic images show differences in the densities for the gas phases (second-order density gradients) and a combination of absorption and subtractive scattering of the back light, hence the shadow of the non-gaseous phase.
In both cases, the fuel was injected into the chamber at an injection pressure p inj = 80 MPa and a fuel temperature T inj = 323 K. The images were taken at 1000 ms after visible start of injection (vSOI). The first pair of images (Figure 11) shows the injection into subcritical conditions according to the critical properties of the fuel as estimated in the first series of experiments. In both single-shot images (shadowgraphic imaging on the left-and Mie scattering on the right-hand side), the typical shape of an injected diesel spray cone is visible. The penetration depths as well as the cone angle evaluated from both measurements are the same. The boundary between the spray and the surrounding area is clearly marked.
The second pair of images ( Figure 12 ) shows injection into supercritical conditions. The penetration depth is far lower because of the higher conditions. In both images, the core of the spray ends in approximately the same position. An area of high density beyond and around the spray core is visible due to fluctuations of the refractive index on the left-hand image. This area is completely missing on the right-hand image. In the Mie image, the visible part of the spray is smaller at the tip. In contrast to the injection in subcritical conditions, the outline of the spray cone on the left-hand image is not as sharply defined. Rather, the parts of the spray away from the nozzle in particular become indistinct and no clear boundary between injected fluid and the surrounding gas is visible. While the phase boundary on the right-hand image is sharply defined, it becomes blurred in the left-hand image due to the density fluctuations of the high-density gas phase.
The visible parts of the spray cones are similar to the fluid injected into subcritical conditions when compared. As the Mie scattering technique represents only the liquid phase of the fluid, it can be seen that the injected fluid maintains a liquid phase only until it evaporates into the surrounding space. When surrounding conditions exceed the critical properties of the injected fluid, an area of high density around and especially at the end of the spray core becomes visible on the shadowgraphic image. It would not be possible to observe this area showing a higher density than a gaseous phase using Mie scattering. This indicates strongly that the area around the liquid core of the injected spray is a supercritical fluid.
Comparison of LIF/Mie measurement of fuel sprays. Mie scattering and LIF were used to describe spray and evaporation behavior in engine-relevant conditions to investigate the same effect using measurement techniques based on different physical processes (Figures 13  and 14) . For these experiments, a fluorescent fuel was needed since GtL diesel consists only of pure n-alkanes and has no significant absorption cross section in the near UV and visible spectra. [29] [30] [31] Instead, the CEC RF-06-03 reference fuel was used corresponding to EN 590. 27 It contains a significant amount of aromatics that were excited by a third-harmonic Nd:YAG laser. The fluorescence signal was acquired with an intensified charge-coupled device (iCCD) camera.
For Mie scattering, flash lamps were used to illuminate the whole spray integrally as shown in a previous study. 32 Since Mie scattering requires a phase boundary, the images show the presence of just the liquid phase in the ambient gas. Here, the spray cones have a penetration depth of ;20 mm and are torpedo/cigar shaped.
The LIF technique sensitive to liquid and gaseous fuels gives a very different impression of fuel distribution. The fuel plume is conically shaped with a round tip. The intensity of the fluorescence signal is homogeneous over the whole plume, but slightly stronger in the regions far away from the nozzle. Nevertheless, no step in the intensity could be found in the region of maximum liquid fuel penetration, which would indicate a strong change in fuel density.
A comparison of the penetration depth of the liquid and the vapor phases 25, 32 shows that the penetration of the vapor phase is an extension of the propagation phase of the liquid fuel and represents a root of time dependency (Figure 15 ). This root of time dependency can be found at various operating points; the change in the ambient conditions or fuel pressure affects the function coefficients but not the type of function itself. 32 A significant change in the density of the fuel caused by evaporation would affect the momentum exchange between the fuel phases and the ambient gas strongly and, therefore, the propagation velocity of the mixture. A loss of density would result in a strong deceleration. But, no kink is visible in the penetration depth curve, indicating that there is no significant change in density. 
Discussion and conclusion
The experiments indicate strongly that diesel fuel injected into conditions similar to those in modern diesel engines at higher loads exceeds its critical pressure and temperature and thus reaches a supercritical state without boiling. In the first experiments, a transition to a supercritical state was observed through disappearance of the phase boundary under steady state conditions. The influence of the surrounding atmosphere on the critical properties of the substance was found to be negligible. Although a GtL diesel fuel was transferred to a supercritical state in engine-relevant conditions, the exact temperature range of the transition was not determined as the thermocouples could not be positioned inside the fluid, and therefore, possible changes in the composition of the mixtures could not be monitored. The second series of experiments used different optical measurement techniques to examine the phase behavior of fuels injected into supercritical conditions in a transient injection process and at typical engine-relevant time scales. In particular, the Mie scattering measurement showed that detected areas of higher density than gases do not have to be liquid and thus gave a possible approach to differentiate between supercritical and liquid phases.
A comparison of the Mie scattering and LIF spray measurements showed no rapid change in the fuel concentration/density in the region of maximum liquid penetration. Furthermore, the intensity of the fluorescence signal is distributed homogeneously over the whole fuel cone and shows no higher concentration in the liquid region. Therefore, it can be assumed that the densities of the liquid fuel and the gasified fuel are similar. Our interpretation is that the fuel has transitioned to a supercritical state without density change. For sure, the study presented is qualitative and further research is necessary to show the effect more precisely, to qualify the experimental techniques for supercritical condition, and last but not least to quantify the condition at which the transition behavior changes and to quantify the effect on mixture formation.
Taking into account the work of other researchers introduced here, it can be concluded that the classical understanding of fuel injection (models applying fuel evaporation in all engine operating conditions) does not apply to the injection of a diesel fuel in modern enginerelevant conditions at higher loads-where cylinder pressures exceed the critical pressures of the diesel fuel components.
Although the phenomenon of supercritical injection is well known in liquid propellant rocket engines, little is known of the phase transition and mixing processes as well as heat and mass transfer, especially in the context of ICEs.
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